"BEST AVAILABLE COPY 



per 



WORLD INTELLECTUAL PROPERTY ORGANIZATION 
International Bureau 




INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT) 



! (51) International Patent Classification 4 
! COIN 33/53, C12M 1/40 



Al 



(11) Internationa! Publication Number: 
(43) International Publication Date: 



WO 86/ 03837 

3 July 1986(03.07.86) 



(21) International Application Number: PCT/GB8 5/00590 
i (22) International Filing Date: 18 December 1985 (18.12.85) 

(31) Priority Application Number: 8432069 

(32) Priority Date : 19 December 1984(19.1 2.84) 

(33) Priority Country : G B 

(71) Applicant (for all designated States except US): IQ (BIO) 
LIMITED [GB/GB]; Downham House, Downhams 
Lane, Milton Road, Cambridge, CB4 1XG (GB). 

(72) Inventor; and . 
(75) Inventor/Applicant (for US only) ; STANLEY, Christo- 
pher, John [GB/GB]; 3a Cloy Close Lane, Impington, 
Cambridge (GB). 

(74) Agent: RAYNOR, John; W. H. Beck, Greener & Co., 7 
Stone Buildings, Lincoln's Inn, London, WC2A 3SZ 
(GB). 



(81) Designated States: AT (European patent), AU, BE (Eu- 
ropean patent), CH (European patent), DE (Euro- 
pean patent), FR (European patent), GB, GB (Euro- 
pean patent), IT (European patent), JP, LU (Euro- 
pean patent), NL (European patent), SE (European 
patent), US. 



Published 

With international search report. 
Before the expiration of the time limit for amending the 
claims and to be republished in the event of the receipt j 
of amendments. 



(54) Title: METHOD AND APPARATUS FOR BIOCHEMICAL ASSAY 



(57) Abstract 

A biochemical assay for example an immunoassay or DNA probe assay is carried out by biochemically binding to a 
solid % u^TS^or u enzyme dependent upon the amount of the target substance present m the sample , and de- 
^M^^^tcfti^ bound To the solid support electrochemically by ^^^ 0 ^^J^^ 
duced by a redox reaction at an electrode. The bound enzyme does not itself ca ' c £ x ^^^„^^ t 
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product of which is the said trigger substance and at least one further product of which is capable of causing 
tion to take place at the electrode, which can be determined .electrochemically. 



FOR THE PURPOSES OF INFORMATION ONLY 



Codes usedtoidentifyStates party to thePCT on the front pages of pamphlets publishing intemationalappli- 
cations under the PCT. 



AT 


Austria 


AU 


Australia 


BB 


Barbados 


BE 


Belgium 


BG 


Bulgaria 


BR 


Brazil 


CF 


Central African Republic 


CG 


Congo 


CH 


Switzerland 


CM 


Cameroon 


DE 


Germany, Federal Republic of 


OK 


Denmark 


n 


Finland 


FR 


France 



GA Gabon 

GB United Kingdom 

HU Hungary 

IT Italy 

JP Japan 

KP Democratic People's Republic 

of Korea 

KR Republic of Korea 

LI Liechtenstein 

LK Sri Lanka 

LU Luxembourg 

MC Monaco 

MG Madagascar 

ML Mali 



MR Mauritania 

MW Malawi 

NL Netherlands 

NO Norway 

RO Romania 

SD Sudan 

SE Sweden 

SN Senegal 

SU Soviet Union 

TD Chad 

TG Togo 

US United States of America 



WO 86/03837 



PCT/GB85/00590 



1 

METHOD AND APPARATUS FOR BIOCHEMICAL ASSAY 
This invention relates to methods and apparatus 
for biochemical assay, and in particular to 
immunoassays and nucleic and probe assays in which at 

05 least one reagent is linked to an enzyme. 

Immunoassays make use of biochemical substances which 
have specific reactivity with other substances, for 
example antigens and antibodies. Immunoassay 
techniques are increasingly used in medicine for the 

10 detection of a wide range of substances, for example 
hormones, for purposes as diverse as the diagnosis of 
cancer, to the detection of oestrus in cattle. 
In a nucleic acid probe assay, a particular nucleic 
acid sequence in the DNA or RNA extracted from 

15 bacterial plan or animal cells may be detected by the 
use of a complimentary probe containing a known 
sequence of nucleotide bases. 

Early biochemical assays were immunoassays based 
mainly on the incorporation in one of the components 

20 of the reaction of a radioisotope, or a fluorescent 

group as a label, so that the presence of a particular 
reaction product can be determined qualitatively and 
quantitatively. 

Both of these techniques have disadvantages 

25 associated with them. Both require sensitive and 

expensive equipment. In addition, there are practical 
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difficulties in the extent to which radioisotopes can 
be incorporated in antigens and antibodies, and the 
products nay have short shelf lives. The use of 
fluorescent groups results in an assay which is 

i 

05 difficult to standardise because of the background 
fluorescence of biological material so that 
quantitative results cannot be obtained easily. 

The use of enzymes as labels in immunoassay has 
been a recent development and has offered the 

10 advantages of long shelf life, safe reagents and assay 
end points that can be read using readily available 
optical equipment. Conventional enzyme immunoassay 
has not, until recently offered an improvement in 
sensitivity over r adi o-i reraunoas say . 

15 In D N A probe assays, the DNA probe is 

conventionally labelled, for example, with a 
radioactive atom such as phosphorus, directly with an 
enzyme such as alkaline phosphatase or indirectly with 
biotin incorporated Jnto the probe and the subsequent 

20 addition of an enzyme conjugate, for example an 
avidin-alkaline phosphatase conjugate. The 
hybridisation of the labelled probe with the target 
sequence in the nucleic acid can be used to immobilise 
an enzyme to a surface, in much the same way as in an 

25 immunoassay. This enzyme can be detected by its 

generation of a coloured product or, as disclosed in 



Wb 86/03837 



PCT/GB85/00590 



3 

International Patent Application PCT/ 6584/00432 
International by using an e lect roact i ve enzyme such as 
glucose oxidase which can be detected 
electrochemically. 

05 Various techniques have recently been proposed 

for example in EP 37036, EP 19606, EP 58635 and EP 
60123 for improving the sensitivity of enzyme assays, 
by the use of so-called "biochemical amplifiers". 

In existing biochemical amplified systems, an 

10 enzyme-based immunoassay generates a trigger substance 
for a cyclic series of reactions, which can produce a 
much more substantial change than the conventional 
direct assay method. To date however, such amplified 
systems have been restricted to biochemical amplifiers 

15 which produce a colour change, which is measured 
opti ca lly. 

In practice, these enzyme immunoassays are 
generally carried out by using a test plate having a 
large number of test we 1 1 s , norma I ly 96, and an 

20 optically clear bottom plate. Upon completion of the 
immunoassay, the test plate is inserted into a 
measuring instrument and an optical beam can be passed 
through each of the test wells in turn, so as to 
provide a reading of change in optical density for the 

25 various test wells. Each immunoassay is normally 
carried out in duplicate (ie. in at least two test 
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wells) , and in addition, various blanks and standards 
are needed in order to calibrate the results obtained. 
Because the optical measurement on each well takes a 
finite time, and the plate has to be physically moved 

05 between each measurement, the scanning of the various 
test wells for even a single determination can take a 
substantial length of time, and because of the limited 
dynamic range of optical instruments it also makes it 
very difficult to obtain during the same test run 

10 accurate results for test solutions where the 

concentration of the test substance varies widely- 
European Patent Specification No. 0150999 
discloses an immunoassay method in which an enzyme 
label which catalyses a redox reaction, e.g. glucose 

15 oxidase, is bound to a stationary support in an 

immunoassay, and the products of the redox reaction 
which it catalyses are determined, indirectly via a 
ferrocene mediator, e lec t rochemi ca I ly • EP 0150999 is 
concerned solely with assays which bind an enzyme 

20 label which itself catalyses a redox reaction, the 

product of which may be determined, directly or via a 
mediator at an electrode surface. The sensitivity of 
the assays disclosed is low, and generally not 
sufficient to enable a practical assay to be 

25 constructed which is sufficiently sensitive to detect 
the low levels of analytes which are frequently 
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encountered . 

We have now found that if an enzyme immunoassay 
is carried out in which the bound enzyme label is not 
an enzyme that can catalyse a redox reaction directly, 
05 but instead catalyses a reaction, typically a 

hydrolytic reaction, which results in the production 
of a trigger substance for a cyclic chemical reaction 
or series of reactions, which generates a further 
product capable of taking part in an electrochemical 
10 redox reaction at an electrode, an electrochemical 

immunoassay can be produced which is of substantially 
enhanced sensitivity. The term "product" used above 
is intended to include a product of a cyclic reaction 
which is continuously produced and consumed during 
15 operation of the cycle. 

The cyclic chemical reaction will in general 
itself be a redox cycle, although it may be a 
non-redox cycle, one product of which is capable 
either of reacting further at an electrode or of 
20 producing a further product which subsequently takes 
part in electrochemical oxidation or reduction at an 
electrode. 

In such redox cycles one of the products of the 
cycle (for example NADH, in an NAD+/NADH cycle or 
25 quinone in a catecho l/quinone cycle) is capable of 
being, respectively, oxidised or reduced, either at 
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the electrode itself, to produce a determinable 
electrochemical change, or via the active site of a 
suitable enzyme/ or else in solution, to produce a 
change of the oxidation state of a mediator, which can 
05 then be determined e I ec t roc hem i ca 1 1 y at the electrode. 
When the cyclic reaction is an HAD*/ N A OH cycle, the 
NADH produced may be determined directly at a suitable 
electrode, for example a graphite -electrode, doped 
with a suitable modifier, e.g. thionine, or 
10 benzoquinone. In an alternative and preferred 
embodiment, a soluble mediator or combination of 
mediators is employed, such as ferrocene, 
hexacyanof errate, or phenazinium methyl sulphate 
(PMS) . 

15 When a chemical mediator is employed, a metal 

electrode may be utilised, for example a gold or 
platinum electrode. 

Determination of the redox reaction at the 
electrode may be made by standard voltammetric 

20 techni ques . 

The immunoassay nay be carried out so as to 
immobilise the enzyme label on any convenient surface, 
for example a wall of a test cell, or, as disclosed, in 
European Patent Specification No. 0150999, on the 
25 surface of magnetic particles. Alternatively, the 
enzyme label may be immobilised directly on the 
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surface of an electrode. 

It is particularly advantageous in an immunoassay 
to assemble together a plurality of test cells, each 
having electrodes connected to the tracks of a printed 
05 circuit board. This makes it possible to monitor 
simultaneously the progress of a large number of 
enzyme reactions, representing separate immunoassays, 
at relatively short time intervals, for example using 
a computer. 

10 Accordingly, in a second aspect of the invention, 

there is provided a biochemical test cell assembly 
comprising at least one test cell for containing a 
test solution, a pair of electrodes in the test cell, 
and a biochemical ligand bound to a surface in the 

15 cell, the said ligand being adapted to bind 

specifically with a corresponding antiligand, thereby 
to immobilise on the said surface an enzyme label 
capable of being detected, directly or indirectly, by 
means of its electrical effect on the said electrodes, 

20 and preferably by'' its ability to trigger a further 
chemical reaction employing a redox cycle with an 
electrical effect on the said electrodes. 

As indicated above, the assembly preferably 
includes a plurality, for example at least eight, test 

25 cells, each being connected to a track of a printed 
circuit board, which forms a part of the assembly. 



L 
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The printed circuit board preferably also incorporates 
a multi-way connector, to enable the simultaneous 
connection of measuring equipment to the various pairs 
of electrodes in the assembly. The measuring 
05 equipment may take the form of a micro-computer, 

including a micro-processor, which is adapted to read 
repeatedly a sequence of values from the electrode 
pairs, for example using a single analogue-to-digital 
converter and sequencing switch, and store the values 
10 associated with each reading, so as to provide a 

profile of the change in the said electrical value, 
for each of the electrode pairs, over a period of 
time. 

The surface to which the ligand is bound may 
15 be one of the electrode surfaces, so that the 

antiligand to which the enzyme label is attached is 
conveniently situated close to the respective 
electrode, in order to facilitate electron transfer 
between the electrode surface and the substance which 
20 takes part in the electrochemical redox reaction. 

When a biochemical amplifier is used (i.e. when 
the enzyme label catalyses a reaction which results in 
the production of a trigger substance for a cyclic 
chemical reaction, as described above), the ligand 
25 need not necessarily be bound to the electrode surface 
as the enzyme label may be measured indirectly by its 
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triggering effect on the components of the biochemical, 
"amplifier" which may be freely diffusing or some or 
all of which may be immobilised to the electrode 
surface to enhance electron transfer. 
05 In a further embodiment of the invention, one 

electrode of the or each pair may be attached to a 
removable cover portion for the test cell. Thus, in 
an alternative aspect of the invention, there is 
provided a cover for a test cell assembly, comprising 
10 a plurality of pairs of electrodes mounted on and 
projecting from the cover at least one of the 
electrodes of each pair preferably having a 
biochemical ligand bound to its surface. 

The method of the invention is equally suited for 
15 use in ON A probe assays. In a ON A probe assay in 
accordance with the invention the label which is 
utilised is the said enzyme, for example a phosphatase 
or a hydrolase, which does not itself catalyse a redox 
reaction, but catalyses a reaction which produces a 
20 trigger substance as indicated above. It is 

particularly advantageous in this case for the DN A or 
RNA hybridisation assay to be carried out in a 
nitrocellulose or nylon membrane or filter which is in 
direct contact with a pair of flat platinum electrodes 
25 bonded to the lower surface of the matrix. In this 
way the activity of the biochemical amplifier can be 
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detected by the simple addition of the appropriate 
reagents to the filter and the application of a 
suitable potential to the electrodes. 

A number of the particular embodiments of the 
05 invention will now be described, and are illustrated 
with reference to the accompanying drawings, in 
whi ch :- 

Figure 1 is a schematic representation of a 
reaction scheme, in accordance with the invention, 
1 0 Figure 2£ to 2e are schematic representations of 

alternative reaction schemes, 

Figure 3 is a schematic representation of the 
operation of the lipoamide dehydrogenase active site 
in a redox cycle involving NADH and an electrode, 
15 Figure 4 is a schematic diagram of a test cell 

assembly according to the invention. 

Figure 5 is a schematic diagram of a computer 
system adapted for use with the test cell assembly of 
Figure 4, and , 

20 Figures 6, 7 and 8 are experimental plots 

obtained in immunoassays. 

In the embodiment of the invention illustrated 

schematically in Figure 1, a surface 1 within a test 

cell which may be for example the wall of the test 
25 cell, a magnetic particle within the test cell, or the 

surface of an electrode, is prepared by binding an 
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antibody 2, preferably a monoclonal ant i body , flffffll 
.surface. An antigen 3 to be determined is prepared in 
appropriate concentration, and caused to react 
selectively with the antibody. A second monoclonal * 

05 antibody 4, having an enzyme 5, ]for example alkaline ? 
phosphatase, conjugated thereto is there caused to 
react with the antigen 3, according to the well known 
"sandwich" immunoassay technique. 

The method of the invention is equally applicable 

10 to non-sandwich type assays, for example to so-called 
"competition" assays in which the antigen competes 
with an antigen-enzyme conjugate for immobilised 
antibody. Competition assays are particularly 
suitable for assaying small antigens and haptens. The 

15 electrochemical detection of the bound enzyme label is 
the same whatever the specific mechansims of the 
assay . 

The amount of alkaline phosphatase linked to the 
surface 1 is proportional to the amount of antigen 3 

20 in the sample, and can be determined electrically, as 
follows. The support, with bound alkaline 
phosphatase, is washed, and a solution is added 
containing nicotinamide adenine dinucleotide 
phosphate (NA0P + ) . 

25 The NA0P + provides a substrate for the alkaline 

phosphatase, which catalyses the production of 
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nicotinamide adenine dinucLeotide CNAD+) by 
hydrolysis of a phosphate ester chemical bond. This 
NAD* serves as a trigger substance for a cyclic 
reaction (a so-called "biochemical amplifier"), 
05 resulting in the oxidation of a substrate in excess 0 
such as ethanol to acetaldehyde and the reduction of 
NA0 + to NAOH, catalysed by an NA 0 + specific 

dehydrogenase such as alcohol dehydrogenase. The NAOH " 
so formed is reoxidised by the active site of the 
10 enzyme diaphorase which is itself subsequently 1c 
oxidised electrolytically at the electrode surface. 
This results in a measurable current, the magnitude of 
which is dependent upon the amount of NA0+ produced 

by the enzyme label in the immunoassay. The great 
15 specificity of the enzymes alcohol dehydrogenase and 1 

diaphorase means that the substrate for alkaline 

Phosphatase, NA0P+, is unlikely to enter the redox 

cycle. 

In the example given in Figure 1 the electrode 
20 will accept electron* directly from the active site of 2 
the enzyme diaphorase. In an alternative embodiment 
the electrode in suitably modified form will accept 
electrons fro. NAOH without the use of the enzyme 
diaphorase. 

25 In a system s-ch as this, it is not essential * 

that the antibody i should be bound directly to the 
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electrode surface, and the surface 1 can represent any 
suitable surface within the test solution, for example 
a wall of the test cell. 

Figure 3 illustrates in more detail the reaction 
05 scheme for a redox cycle involving NADH, the active 

site of diaphorase (known systematically as lipoamide 
dehydrogenase) shown schematically as a disulphide 
bridge and a molecule of FAD, and an electrode 
surface. NAOH first binds to one of the sulphur atoms 
10 as shown in step one of Figure 3, to'form 2 free 
radicals. NAD* then departs from the active site 
(step 2), and a rearrangement occurs (step 3) to 
reoxidise the FAD and reduce the remaining sulphur. 
The active site is then fully reoxidised by contact 
15 with an electrode or mediator in step 4 in which the 
electrons are donated to the electrode or mediator, 
and the disulphide bridge is reformed. 

The Eo 1 value for the NADH/NAD+ redox system 
is -320mV while that for the FADH 2 /FAD system in the 
20 lipoamide dehydroglnase active site is close to OmV. 
Electron acceptors such as ferricyanide 
(E0 1 = +418raV) or ferrocene derivatives 
(E0 1 = +300 to +650raV) or an electrode at a suitable 
potential will re-oxidise the diaphorase active site. 
25 Figure 2a illustrates a similar reaction scheme 

to that of Figure 1, but in which the NAD H produced in 
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a cyclic reaction is used to reduce a mediator, the 
ferricyanide ion, to f er rocyanide, a process catalysed 
by the active site of diaphorase. The ferrocyanide in 
turn is oxidised by a platinum working electrode at a 
05 potential of +450.V, to produce a current. Because 
the amount of ferrocyanide produced is dependent upon 
the amount of na o* introduced into the cyclic 
reaction of the biochemical amplifier, which is in 
turn dependent upon the amount of alkaline phosphatase 
10 5 bound to surface 1, the steady state current 

Produced at the electrode is dependent directly upon 
the amount of antigen 3 bound in the immunoassay. 

A further alternative scheme is illustrated in 
Figure 2b, in which an additional mediator, ferrocene 
15 is interposed between the NAD+/NADH cycle, and the 
ferricyanide/ferrocyanide cycle. in this case, NAOH 
produced by the cyclic reaction of NAD* reduces 
ferricene to ferrocene, catalysed by diaphorase, which 
in turn reduces ferricyanide to ferrocyanide. Again, 
20 ferrocyanide is oxidised at a platinum working 
electrode at a potential of +450mV, to produce a 
current which is measured. 

There are a number of alternative chemical means 
to produce NAD+ from precursors that are inactive in 
25 the biochemical redox amplification cycles described 
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above. One alternative to the alkaline phosphatase 
reaction employs NAD* g lycohydrolase as the enzyme 
label. This enzyme will produce NAD* from an 
analogue, NAD* d ihydroxyacetone by a transfer 
05 reaction driven by an excess of nicotinamide. 

Figures 2£ and 2^d illustrate alternative reaction 
schemes. In the example of Figure 2c, bound alkaline 
phosphatase 5 is used to hydrolyse a th i ophospha t e 
ester, to generate a free thiol (RSH) • The free thiol 
10 serves as the trigger substance for a cyclic reaction, 
in which the thiol is converted to the disulphide 
RSSR and back again. This reaction can be caused to 
take place under the influence of an excess of NAD + , 
catalysed by a suitable enzyme. When the thiol is 
15 lipoic acid, the enzyme may be diaphorase, or when the 
thiol is glutathione, the enzyme may be glutathione 
reductase • 

In Figure 2£ the thiol is regenerated by 
electrochemical reduction of the disulphide compound 

20 at a platinum Working electrode (a cathode) at a 

suitable potential depending on the thiol compound 
chosen, but without effect on the NAD*/ N A DH system 
<E0 1 -320mV). An alternative redox cycle employing 
electrochemical oxidation of the thiol compound is 

25 shown in Figure 2d^. Here the platinum working 

electrode (an anode) will accept electrons from R-SH, 



WO 86/03837 



PCT/GB85/00590 



16 

the disulphide is reduced by an excess of NADH via 
diphorase or glutathione reductase. 

In the reaction scheme illustrated as Figure 2e 
the enzyme label in the immunoassay is 
05 £ -galactosi dase . The enzyme catalyses the hydrolysis 
of p-hydroxy-phenyl £ -galactoside generating 1,4 
benzoquinol or catechol. This is the trigger molecule 
for a biochemical amplifier employing the enzyme 
laccase. Catechol is oxidised to 1,4 benzoquinone at 
10 the expense of oxygen, a platinum working electrode (a 
cathode) is used to reduce the quinone to quinol 
(E01= +0.28V) and the current is measured. 

Varisous alternative redox cycles are possible in 
the method of the invention. FAD (flavin adenine 
15 di nuc leot ide) is a component of the diaphorase active 
site (Figure 3). It is also used by many redox 
enzymes. In the case of glucose oxidase the apoenzyme 
can be prepared which is e I e c t roc hem i ca 1 1 y inactive. 
The generation of FAO^by the enzyme label in an 
20 immunoassay from a precursor such as a galactoside 
results in the activation of glucose oxidase which 
then operates as a biochemical amplifier with glucose 
in excess (where the redox cycle is FAD/FADH 2 in the 
active site of glucose. oxidase) • European Patent 
25 Specification No. 0150999 discloses a method for 

measuring elect rochemically the activity of glucose 
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oxidase using the soluble mediator ferrocene 
m'onocarboxylic acid and a graphite electrode. In a 
further example the co-factor POO (py r ro lo-qui no I i ne 
quinone) is used by certain redox enzymes such as 
05 methanol dehydrogenase. The generation of PQQ from a 
precursor such as a phosphate by the enzyme label in 
the immunoassay results in the activation of methanol 
dehydrogenase and the redox cycle PQfl/PQQH 2 driven 
by an excess of methanol can reduce an appropriate 
10 electrode using a suitable mediator. 

Figure 4 is a schematic diagram of a test cell 
assembly according to the invention. The assembly 
comprises a polystyrene block 31, approximately 10mm 
thick, having 8 through holes 32 therein. The block 
15 31 is secured by means of an epoxy adhesive to a 

printed circuit board 33. The printed circuit board 
33 carries eight pairs of electrodes, 34a, 35£, 36a_, 
etc. and 34b, 35b, 36b, etc. bonded to its surface. 
The electrodes 34a, Z5±, 36a etc. are joined by a 
20 common copper track 40 to a terminal 41, forming a 

common, or ground terminal. The electrodes 34b, 35£, 
36b etc. are each joined by a respective copper track 
37, 38, 39, etc. to a respective terminal 42, 43, 44 
etc. 

25 Thus, the terminals 41 to 49 constitute a 

conventional "edge" connector as used in conventional 
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circuit board technology. The copper tracks 39 to AO 
may preferably be formed on the underside of the 
printed circuit board 33, so as not to interfere with 
the glueing of the block 31 to the circuit board 33. 

05 A portion 52 of the block 31 is cut away so as to 

facilitate the use of the edge of the circuit board 33 
as an edge connector. Thus, when the block 31 is glued 
in position on the plate 33, a test cell assembly is 
formed comprising a plurality of test cells defined by 

10 the holes 32, and the bottom plate 33, each having 

within it a pair of electrodes, which can be accessed 
via the edge connector constituted by terminals 41 to 
49. 

The 8x1 array of test cells illustrated is 
15 simply illustrative, and in a practical embodiment, an 
array of, perhaps, 12 x 8 might be used, to provide 96 
test cells, each having two electrodes therein. 

The test cell surfaces may be coated with a 
ligand material, for example a monoclonal antibody, by 

4 

20 any known means, for example by simply introducing an 
appropriate solution of the antibody into the test 
cell, allowing it to stand, and decanting the liquid. 

Figure 5 illustrates a simplified computer 
arrangement for carrying out an electrochemical 

25 immunoassay using the test cell assembly of Figure 4. 
A 9-way connector 75 adapted to connect with the 
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terminals 41 to 49 of the assembly Figure 4 1. 
eonnected via a 9-.ay ribbon cable 74 to a 
S oft-.r«-driv.n seou.nc. ..itch 70. The sequencing 
s.itch 70 connects each of the electrodes 34b, 35b, 

05 36b etc. in turn to the input of an 

,„.lo,u«-«o-d1 9 U.l converter 71, <" turn connected to 
. .icro co.put.r 73. The .icro co.puter 73 is adapted 
to ...pi. each of the cells 32 at re 9 ular intervals, 

- for e.a.pl. ever, second,^ and to store the current 

nncA stored the values 
10 values associated therewith. Once storeo 

can be accessed as desired to provide kinetic 

„,„ ts of the progress of the enty.e assays. 

in an alternative e.bodi.ent, the electrodes .ay 
be for.ed by a plurality of pins for.ed on a printed 
,5 circuit board, and adapted to project do-n-.rdly into 
the -ells of a conventional optical .icrotitr. pl.t., 
for exa.Pl. a plate such as that produced by NUNC. 
Such a board .ay be provided -1th an edge connector, 
as described above. 
20 The electrode may be formed of a metal, or 

ne tal-treated plastic, carbon, or other conducting or 
semi-conducting material. In particular, for the 
direct oxidation of NAD H, a suitable electrode max be 
produced by treating graphite with ben zoqui none , or, 
25 much more preferably, thionine. 

A number of particular embodiments of the 
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invention are described in the foLLowing examples. 

Example 1 

An electrochemical immunoassay for human 
prostatic acid phosphatase was carried out in 

05 accordance with the following method, using the 
principle outlined in Figure 2a^. 

The wells of a 96-well polystyrene plate (NUNC 
Immunoplate I) were coated with a monoclonal antibody 
to human PAP (prostatic acid phosphatase) by diluting 

10 the antibody to a concentration of 5>jg/ml in 

LOmM-sodium carbonate buffer pH 9.0 and pipetting 
100ul of the solution into each well. The plate was 
incubated for 16 hours at 37 °C and excess antibody 
was removed by washing with the carbonate buffer. 

15 Then, to each well was added 75>jI of a solution 
containing 50ng/ml of a conjugate of a second 
monoclonal antibody and alkaline phosphatase (made 
according to methods given in M Enzyme Immunoassay" 
Ishikawa, Kawai and Miyai 1981, Igaku-Shoin, Tokyo) in 

20 100mH-t riethanolamine buffer pH 7.5 containing 6X 

(w/v) bovine serum albumin, 1mM-magnes i urn chloride, 
0.05X (v/v) Triton X705 and 0.1X (w/v) sodium azide, 
followed immediately by 25>jI of human serum containing 
known amounts of human PAP. The plate was incubated 

25 for 2 hours at 22 °C during which time a sandwich of 
immobilised antibody, PAP and conjugate formed on the 
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surface of the -ell. Excess conjugate and serum -as 
■removed by washing the -ells with a solution of O.U 
Triton-X705, 25«n-Tris buffer pH 8.0 and 200mM 
ammonium sulphate. To each -ell -as added 200ul of a 
05 0.2-M solution of NA DP* (nicotinamide adenine 

dinucleotide phosphate) in 50»M -diethanolamine buffer 
pH 9.5. After 20 minutes at 22 °C the enzyme 
reaction -as stopped by the addition of 20ul of 0.10 
1 M-sodiu. phosphate pH 7.0. A total of 12 replicate 
10 -ells at each PAP concentration -ere pooled in order 

to provide sufficient material for the electrochemical 

cell. 

The concentration of NAD* formed by the action 
of alkaline phosphatase on HA OP* -as then measured 
15 electrochemically. The cell had a volume of 2.1 and 
contained platinum working C3mm x 0.5mm -ire), and 
counter <3c» x 0.5mm) electrodes and a standard 
silver/silver chloride reference in a second 
compartment connected to the working cell by a 
20 capillary. A Magnetic stirring bar -as used to stir 
the contents of the cell. Additional apparatus 
comprised a potentiostat (Thomson Electrochem, 
Newcastle-upon-Tyne) and the current flowing in the 
cell -as monitored with a resistance box (100,000 
25 ohms) and a chart recorder CJJ Instruments, 

Southampton). Prior to use the working electrode was 
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pretreated by applying a potential sweep from -600mV 
to +600raV for 10 minutes at a sweep rate of 
1vol t/second, (After each measurement the electrode 
was rinsed with distilled water, polished with an 
05 alumina (0.3/jm) slurry and then rinsed again). To the 
cell was added 1.0ml of a biochemical "amplifier" 
mixture containing 0.2mg alcohol dehydrogenase, 0.2 mg 
pig heart diaphorase, 10% (v/v) ethanediol, 
85mM-sodium chloride, 3X (v/v) ethanol in a 
10 25mM-phosphate buffer pH 7.0, followed by 1.0ml of the 
pooled NADP + solutions (containing varying amounts 
of NAD*) from the immunoassay. The current in the 
cell was measured after the addition of the 
ferri cyanide to a final concentration of 25mrt and the 
15 application of a potential of +450mV. The current 
increased linearly for the first five minutes of 
measurement and reached a steady value after 20 
minutes. Both the rate of increase and the steady 
state value were proportional to the concentration of 
20 NAD* in the sample. The rate of increase of current 

in yA/ain was plotted against the concentration of PAP 
in the human serum sample and the results are shown in 
Figure 6. The least detectable concentration of PAP 
in the electrochemical immunoassay, defined as 2.5 
25 times the standard deviation on the zero standard, was 
0.24 ng/ml or 60 attomoles of antigen. 
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It will of course be appreciated that the nature 
of the antigen 3 which is determined by an 
electrochemical immunoassay in accordance with the 
present invention is irrelevant, and any desired 

05 antigen that is sufficiently large to contain several 
epitopes can be determined, by appropriate choice of 
the antibody 2 bound to the surface 1, and the 
antibody 4, conjugated to the enzyme label 5. In the 
case of a small antigen, such as progesterone, a 

10 competition reaction between antigen and enzyme 

labelled antigen would result in an amount of enzyme 
label 5 being bound by antibody 2 that is inversely 
proportional to the amount of antigen present. In 
this case the electrochemical signal would reduce as 

15 antigen concentration increases. 

Example 2 

A thionine-modif ied graphite electrode was 
prepared as follows. 10 mg of thionine was dissolved 
in 2 ml of 90X ethanol. A 3 mm disc of graphite was 

20 immersed in the solution, and left for 10 minutes. 
The disc was removed, and washed thoroughly with 
distilled water. The disc was then washed in acetone, 
and finally sonicated in distilled water for 5 
minutes. The graphite disc was attached to a platinum 

25 wire using a si I ver- loaded epoxy resin. 

Electrical measurements were performed using a 
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two-compartment glass cell that had a working volume 
of 2 ml. In addition to the working graphi t e/ thi oni ne 
electrode, the cell contained a 3 cm long platinum 
wire (0.5 mm diameter) as a counter and a saturated 
calomel electrode as reference. The working 
compartment of the cell could be stirred during 
operation with a magnetic stirrer bar and additions 
could be made directly to the cell via an injection 
port. Cyclic vo I tammog rams showed a complex picture 
with several peaks but it was found that, at a 
potential of +150mV, a satisfactory current could be 
obtained from a solution containing NADH. A series of 
measurements at this potential demonstrated that the 
response of the electrode was rapid and linear up to a 
concentration of 100^im - NADH in a 0.1M -sodium 
phosphate buffer at pH 7.0. The steady state current 
was reached practically instantaneously following 
injection of NADH and remained stable for periods in 
excess of 10 minutes . 

An immunoassay for PAP was then carried out in 
accordance with the general methods described in 
Example 1 using the principle described in Figure 1. 
The concentration of NAD* formed at each 
concentration formed at each concentration of PAP was 
measured with the th i oni ne-mod i f i ed graphite 
electrode. To the cell was added 1 ml of a mixture 
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essentially the same as the biochemical amplifier 
described in Example 1 except that diaphorase and 
ferricyanide were omitted. Then, 1 ml of each pooled 
N ADP* solution from the immunoassay was added and 

05 the steady state current was measured. The cell was 

washed with distilled water between measurements. The 
steady state current in the cell was plotted versus 
the concentration of PAP in the human serum sample and 
the results are shown in Figure 7. The least 

10 detectable concentration was 1.98 ng/ml. 

Example 3 

An electrochemical immunoassay for human 
prostatic acid phosphatase in a biochemical test cell 
assembly was carried out as follows, using the 

15 reaction scheme illustrated .in Figure 2£. The wells 

of an 8 well polystyrene strip (NUNC) were coated with 
a monoclonal antibody to human PAP according to the 
procedures described in Example 1. The immunoassay 
was carried out as described in Example 1 up to the 

20 addition of 100>il of the NA0P+ solution to the 

wells. After 20 minutes of incubation (at 22°) with 
this substrate, 10'Ojil of a mixture which was 
essentially the same as the biochemical amplifier 
described in Example 1, but which also contained 

25 ferricyanide at 25mM was added to each well. The 
phosphate buffer in the biochemical amplifier 
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inhibited the further reaction of the enzyme label, 
alkaline phosphatase, and the NAD + formed in each 
well was able to trigger the biochemical amplifier. 
Immediately after addition of the biochemical 

05 amplifier to each well a lid incorporating a pair for 
each well, of platinum working and counter electrodes 
(each 3mm x 0.5mm) was placed over the 8 well strip. 
The platinum electrodes were fully immersed in the 
solution in each well and were cemented to insulated 

10 copper pins 2mm in diameter using si I v er- loaded epoxy 
resin. The copper pins were pushed through holes 
drilled in a polystyrene sheet of dimensions 8cm x 1cm 
x 3mm to form the lid and each pin was connected to a 
software driven switch as shown in Figure 5. Prior to 

15 use the platinum working electrodes were pretreated by 
a potential excursion from -600mV to +600mV in 
distilled water and each working electrode had been 
polished with an alumina slurry C0.3^im). The test 
well assembly and lid was then taped to the top plate 

20 of a Titertek plate shaker (Flow Laboratories) and 
vigorously agitated to simulate a stirred cell. A 
potential of +450raV was applied to each working 
electrode in turn via the user port of a BBC 
microcomputer (with appropriate software for poising 

25 the potential and recording current from two electrode 
systems). The rate of increase of the current in each 
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well was measured for two minutes by the 
microcomputer. The rate of increase in the current ( 
c\A/min) was plotted against the concentration of PAP 
in the human serum sample and the results are shown in 

05 Figure 8. 

In this example the activity of the enzyme label 
in the immunoassay was stopped before the addition of 
-the biochemical amplifier. The alternative of 
allowing the activity to continue was not used owing 

10 to the more complex kinetics of current generation 
caused by the continuous appearance of the trigger 
molecule NAD+ throughout the measurement period. 
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CLAIMS 



1. A method of determining a biochemical substance 
in a sample, which method comprises carrying out an 
assay so as to biochemically bind to a solid support 
05 an amount of an enzyme dependent upon the amount of f 
the said substance present in the sample, and 
determining the amount of enzyme bound to the solid 
support electrochemically by measuring the electrical 
change produced by a redox reaction at an electrode, 
10 characterised in that the bound enzyme does not itself 
catalyse a redox reaction, but catalyses a reaction 
which results in the production of a trigger substance 
for a cyclic chemical reaction or series of reactions, 
at least one product of which is the said trigger 
15 substance and at least one further product of which is 
capable of causing a redox reaction to take place at 
the electrode, which can be determined 
electrochemically. 

2. A method as claimed in Claim 1, wherein the 
20 trigger substance is a nicotinamide adenine 

dinucleotide co- enzyme. 

3. A method as claimed in Claim 1 or Claim 2, 
wherein the said further product is lipoamide 
dehydrogenase. 

25 4. a method as claimed in Claim 1 or Claim 2, 

wherein one of the cyclic series of reactions is a 
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dehydrogenation reaction which is conducted in the 
presence of an NAD + -specific dehydrogenase. 

5. A method as claimed in any one of the preceding 
claims wherein a biochemical ligand is bound to a 

05 surface of the electrode, and the ligand reacts with a 
corresponding antiligand during the immunoassay. 

6. A method as claimed in any one of the preceding 
claims, wherein the said enzyme is a phosphatase or a 
hydrolase. 

10 7. A method as claimed in any one of the preceding 
claims, wherein the cyclic chemical reaction is an 
NAD+/NADH cycle, a ca t ec ho I / qu i none cycle, a 
thiol/disulphide cycle, an FAD/FADH2 cycle or a 

PGG/PQQH2 cycle. 
15 8. A method as claimed in Claim 6 and Claim 7, 

wherein the enzyme is alkaline phosphatase, the cycle 
chemical reaction is an NAD+/NA0H cycle, and the 
trigger substance is NAD*. 

9. A method as claimed in any one of the preceding 

4 

20 claims, wherein the reaction mixture comprises at 
least one electron transfer mediator which can 
transfer electrons between the said further product 
and the electrode. 

10. A method as claimed in Claim 9, wherein the 
25 electron transfer mediator is ferrocene or a 

derivative thereof and/or f e r r i cyani de . 
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11. A biochemical test cell assembly, comprising at 
least one test cell for containing a test solution, a 
pair of electrodes in the test cell, and a biochemical 
ligand bound to a surface in the cell, the said ligand 
05 being adapted to bind specifically with a 

corresponding antiligand, thereby to immobilise on the 
said surface an enzyme capable of being detected by 
means of its electrical effect on the said electrodes. 

12. An assembly as claimed in Claim 11, which 

10 comprises a plurality of test cells each containing a 
pair of electrodes, the electrodes of the test cells 
each being connected to a track of a printed circuit 
board forming a part of the assembly, 

13. An assembly as claimed in Claim 12, including a 
15 multi-way connector to enable the simultaneous 

connection of measuring equipment to a plurality of 
pairs of electrodes in the assembly. 

14. An assembly as claimed in any one of Claims 11 
to 13, including means to read sequently electrical 

20 values associated with a plurality of electrode 
pa i r s • 

15. An assembly as claimed in Claim 14, wherein the 
means for reading comprises a computer adapted to read 
repeatedly a sequence of values from the said 

25 plurality of electrode pairs, and store the values 
associated with each reading, so as to provide a 
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profile of the change in the said electrical value for 
each of the electrode pairs,, over a period of time. 

16. An assembly as claimed in any one of claims 13 to 

15, wherein the enryme is capable of being detected by 
05 means of its triggering effect on a cyclic reaction or 

series of reactions which have an electrical effect on 
the said electrodes. 

17. An assembly as claimed in any one of claims 13 to 

16, which comprises at least eight test cells, each 
10 having a pair of electrodes. 

18. An assembly as claimed in any one of claims 12 to 

17, wherein at least one electrode of the or each pair 
is attached to a removable cover portion for the 
respective test cell. 

15 19. An assembly as claimed in any one of claims 12 to 

18, wherein the said surface to which the ligand is 
bound is a surface of one of the said electrodes. 

20. An assembly as claimed in any one of claims 12 to 

19, wherein one^of the electrode surfaces incorporates 
20 a component of a biochemical amplification cycle which 

cycle contains a redox reaction. 
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